Tryptophanase from Bacillus alvei exhibited the expected spectrum of pyridoxal-5'-phosphate-dependent reactions. It exhibited L-serine dehydratase, S-alkyl-cysteine lyase, and cysteine desulfhydrase activities, as well as the classic tryptophanase reactions (all beta elimination reactions). It also acted as a tryptophan synthetase (beta replacement reactions) using indole plus L-serine or L-cysteine or S-methyl-cysteine as substrates. The beta elimination reactions are simple competitors of the replacement reactions for the same amino acid substrates. The kinetics of the reactions were examined in detail using a coupled continuous spectrophotometric assay. A product (indole) inhibition study of the beta elimination reaction with tryptophan showed simple, noncompetitive inhibition; the same study with allosubstrates showed noncompetitive inhibition by indole. These product studies provided data on the beta replacement reactions as well. The results are discussed in terms of a mechanism for the B. alvei tryptophanase. R represents -SH, -SCH3, -SCH2CH, -OH, -OCH3, the indolyl-radical or its 4-, 5-, or 6-methyl derivative; R'H represents indole or its 4-, 5-or 6-methyl derivative. These reactions are consistent with the general mechanism for pyridoxal-5'-phosphate (PLP)-dependent enzymes as postulated by Braunstein (2) and Snell (18). As a part of the comparative studies of tryptophanase from different physiological types of bacteria, we examined a purified homogeneous tryptophanase from Bacillus alvei to determine if it also exhibited the broad specificity seen with many PLP enzymes, to determine the kinetic patterns from these reac-' Present addres:
Tryptophanase from Bacillus alvei exhibited the expected spectrum of pyridoxal-5'-phosphate-dependent reactions. It exhibited L-serine dehydratase, S-alkyl-cysteine lyase, and cysteine desulfhydrase activities, as well as the classic tryptophanase reactions (all beta elimination reactions). It also acted as a tryptophan synthetase (beta replacement reactions) using indole plus L-serine or L-cysteine or S-methyl-cysteine as substrates. The beta elimination reactions are simple competitors of the replacement reactions for the same amino acid substrates. The kinetics of the reactions were examined in detail using a coupled continuous spectrophotometric assay. A product (indole) inhibition study of the beta elimination reaction with tryptophan showed simple, noncompetitive inhibition; the same study with allosubstrates showed noncompetitive inhibition by indole. These product studies provided data on the beta replacement reactions as well. The results are discussed in terms of a mechanism for the B. alvei tryptophanase.
Newton et al. (16) , using homogeneous tryptophanase from Escherichia coli, were able to show that tryptophanase substrates are not restricted to tryptophan and its phenyl-substituted derivatives. They demonstrated that the enzyme catalyzes a variety of alpha, beta elimination (equation 1) and beta replacement (equation 2) reactions as follows: RCH2CHNH2COOH + H20-, CH,COCOOH + RH + NH, (1) RCH2CHNH2COOH + R'H-_ R'CH2CHNH2COOH + RH (2) R represents -SH, -SCH3, -SCH2CH, -OH, -OCH3, the indolyl-radical or its 4-, 5-, or 6-methyl derivative; R'H represents indole or its 4-, 5-or 6-methyl derivative. These reactions are consistent with the general mechanism for pyridoxal-5'-phosphate (PLP)-dependent enzymes as postulated by Braunstein (2) and Snell (18) . As a part of the comparative studies of tryptophanase from different physiological types of bacteria, we examined a purified homogeneous tryptophanase from Bacillus alvei to determine if it also exhibited the broad specificity seen with many PLP enzymes, to determine the kinetic patterns from these reac- ' Present addres: Department of Microbiology, Scripps Clinic and Research Foundation, La Jolla, Calif. 92037 tions, and to ascertain whether the B. alvei tryptophanase followed the general reaction postulated for E. coli. There were previous indications (10, 11) that differences in the physical structures existed between these two tryptophanases.
MATERIALS AND METHODS Enzyme preparation. Tryptophanase was purified from B. alvei F following the modified procedure of Hoch and DeMoss (11) . The procedure for preparing apottyptophanase has also been described in the same reference.
Tryptophanase assay. The purified tryptophanase was assayed using a modification of the method of Pardee and Prestidge (17) . The reaction mixture contained in a volume of 0.3 ml: potassium phosphate buffer (pH 8.0), 50 Mmol; PLP, 50 nmol; bovine serum albumin (BSA), 50 ug; and enzyme. Four drops of toluene were added from a Pasteur pipette, and the mixture was incubated at 37 C for 5 min. The reaction was initiated by the addition of 0.2 ml of 0.02 M L-tryptophan, and incubation was continued at 37 C for 10 min. The reaction was terminated by the addition of 3 ml of tube reagent (14.7 g of p-dimethylaminobenzaldehyde in 948 ml of 95% ethanol plus 52 ml of concentrated sulfuric acid). The color was read at 568 nm after 20 min. All enzyme activities are reported as international enzyme units (1 Mmol/min). Protein concentrations were determined by the method of Lowry et al. (13) .
Where specified, the flask assay for tryptophanase Dehydratase (beta elimination) assays. Pyruvate formation was measured by a modification of the method of Friedemann and Haugen (9) . The reaction mixture contained in a volume of 0.5 ml: potassium phosphate buffer (pH 7.8 or 8.0), 50 umol; PLP, 50 nmol; BSA, 50Mug; the respective amino acid; and enzyme. After 5 min at 37 C, the reaction was initiated by the addition of the amino acid and allowed to proceed for 5 to 15 min at 37 C. The reaction was stopped by the addition of 0.25 ml of 0.15% 2,4-dinitrophenylhydrazine in 2 N HCI. After 10 min further incubation at 37 C, 1.0 ml of distilled water was added plus 0.75 ml of 2.5 N NaOH. The color was read after 10 min at 515 nm. Because the sulfhydryl groups of cysteine interfered with this colorimetric assay, 0.1 ml of 2.5 N NaOH was used to terminate the reaction when cysteine was the substrate, followed by 0.2 ml of 0.1 M iodoacetamide. The mixture was incubated for 5 min before proceeding with the addition of the phenylhydrazine reagent.
Tryptophan synthetase (beta replacement) assays. The disappearance of indole was measured by a modification of the method of Yanofsky (19) . The reaction mixture contained, in a volume of 0.25 ml: potassium phosphate buffer (pH 8.0), 25 nmol; PLP, 25 nmol; BSA, 25 Mg; indole, 125 nmol; the respective amino acid; and enzyme. After 5 min at 37 C, the reaction was initiated by the addition of the amino acid and allowed to proceed for 5 to 10 min at 37 C. The reaction was stopped by the addition of 5 ml of tube reagent, and the color was read at 568 nm. When cysteine was the substrate, the reaction was stopped with 0.1 ml of 2.5 N NaOH. Iodoacetamide was added as in the dehydratase assay before the addition of the tube reagent.
Continuous spectrophotometric assay system.
The rate of formation of pyruvate in the tryptophanase and dehydratase reactions was measured in a coupled reaction with lactate dehydrogenase (type III, Sigma) and reduced nicotinamide adenine dinucleotide (NADH). The assay is a modification of the system used by Morino and Snell (14) . Initial rates were measured using a Gilford 2000 (12) .
The reaction proceeds at a constant rate until all the NADH is exhausted except in two instances.
When tryptophan is the substrate, the rate decreases as the indole formed in the reaction becomes inhibitory. At high amino acid and low indole concentrations, the rate increases after the indole becomes exhausted and the competing synthetase reaction rio longer inhibits the dehydratase reaction.
Kinetic parameters. Km and vmax values were determined on an IBM 7094 computer using an iterative program to fit the data to an hyperbola. Analysis of the product inhibition patterns was made using an iterative program obtained from W. W. Cleland (6) .
RESULTS
Tryptophan analogues as tryptophanase substrates. When tryptophanase was first purified, it was examined for its ability to catalyze the degradation of substrates other than tryptophan and the synthesis of tryptophan from indole and various amino acids. The only activity observed was that of serine dehydratase (10). These results indicated that the B.
alvei tryptophanase had a very narrow specificity in contrast to the results found with the E. coli tryptophanase (16) . To reexamine this question we modified the colorimetric assays for the tryptophanase, dehydratase, and synthetase reactions to increase their sensitivity. Activity was detected with several tryptophan analogues ( Table 1) . It is apparent from these results that the B. alvei tryptophanase acts on some indole-substituted tryptophans. It is inactive with side chain-substituted tryptophan analogues. The activity detected for each of these analogues relative to tryptophan is not necessarily indicative of the maximum activity attainable with that substrate. To establish that value, it would be necessary to estimate the initial reaction rate as a function of vaiying analogue concentration.
Subsidiary reactions. Tryptophanase was also shown to catalyze a variety of subsidiary reactions, namely beta elimination reactions with serine, cysteine, and S-methyl-cysteine; and beta replacement reactions using indole plus serine, cysteine, or S-methyl-cysteine to form tryptophan. The Michaelis-Menten constants with standard deviations for the amino acid substrate in these reactions are shown in Table 2 . The relative activities were determined from the vmax values. To avoid confusion in the discussion of these activities, serine dehydratase, S-alkyl-cysteine lyase, and cysteine desulfhydrase will all be referred to by the common title of dehydratase. The Km for the amino acid substrate in the synthetase reaction is an "apparent" value because it was determined only in the presence of a large excess of indole (0.5 mM). Likewise the cysteine Km for the dehydratase reaction is an "apparent" value because it was obtained by extrapolation. The Lineweaver-Burk plot for tryptophan synthetase with cysteine as substrate is shown in Fig. 1 . The level of substrate required for maximal activity of this synthetase reaction is in fact inhibitory to the dehydratase reaction as seen in Fig. 1 .
The Km values are essentially constant for the same amino acid substrate in both the dehydratase and synthetase reactions under the assay conditions employed. It must be borne in mind that it cannot be definitely concluded from these values that the in vivo affinities of the enzyme are necessarily constant. Km is more properly regarded as an operational term which is equal to the substrate concentration at which the initial rate is half-maximal under the specified assay conditions. It does not directly reflect the affinity of the enzyme for the substrate. We had previously reported (S. 0. Hoch, and R. D. DeMoss, Bacteriol. Proc., p. 118, 1968) an apparent significant difference in the Km values for the same amino acid in the dehydratase and synthetase reactions. This difference is more properly attributed to the differences in the buffer systems used, namely potassium phosphate for the dehydratase reaction and bicine for the synthetase reaction.
The values obtained using apotryptophanase are included as evidence that the method of preparation of the apoenzyme did not appear to modify the active site affinity for substrate.
The following amino acids do not exhibit detectable activity as substrates for either the dehydratase or synthetase reactions: cystathionine, homocysteine, homoserine, methionine, threonine, and tyrosine. Each was tested at a final concentration of 5 to 10 mM.
The Km reported here for tryptophan (0.273 mM), using the more sensitive tube assay, agrees with the value (0.272 mM) reported by Hoch et al. (10) using the flask assay.
The Michaelis-Menten constants for the amino acid substrates for the dehydratase and synthetase reactions appear to be equal within experimental error. Indole, the second substrate for the synthetase reaction, acts as a potent inhibitor of the dehydratase reaction. If the two reactions share a common catalytic site, then the apparent effect of indole as an (8) because of the presence of saturating levels of the respective amino acids for the dehydratase reaction. It is also because of the competitive effect of these amino acids that the possible degradation of the tryptophan formed by the synthetase reaction can be regarded as negligible. The results for the serine and S-methylcysteine dehydratase reactions are shown in Table 3 . In each instance, the decrease in pyruvate formation, in response to added indole, is approximately equal to the increase in tryptophan formation, i.e., the total products remain constant. Therefore the dehydratase and synthetase reactions appear to be simple competitors for the same amino acid substrates and for the same intermediate enzyme-substrate complex.
Cation requirement for tryptophanase. Hoch et al. (10) reported that tryptophanase showed an absolute requirement for either ammonium or potassium ions after the enzyme was desalted and assayed with various monovalent cations in the presence of Tris-hydrochloride buffer. Both ions produced the same Vrax, although the ammonium ion was a more efficient activator with an apparent Km of 3.7 mM as opposed to 22 mM for the potassium ion. However, Tris-hydrochloride buffer has been reported to inhibit various univalent cation activated enzymes (1) . Therefore the salt requirement was again examined but this time in the presence of imidazole buffer. Again, both potassium and ammonium ions activated the enzyme, as seen in Fig. 2 , but the apparent Km for the ammonium ions is 0.31 mM as opposed to 10 mM for the potassium ion. Moreover, the ammonium ion produced a higher maximal rate than did the potassium ion.
Continuous assays. Because of the limitations inherent in any fixed-time, colorimetric assay for a kinetic study, we examined the reactions in more detail using a continuous spectrophotometric assay. The continuous assay couples pyruvate formation to NADH oxidation by using lactic dehydrogenase.
Indole is an inhibitor of the tryptophanase and dehydratase reactions because of the competing synthetase reactions as shown in a previous section. Therefore, the concentrations of both indole and the amino acids were varied in a range encompassing their respective Km values in a product inhibition study to investigate the change in catalytic activity connected with the binding of indole.
The reaction rate of the continuous assay increased for the first 4 to 5 min in either bicine or potassium phosphate buffers supplemented with BSA and PLP. The rate could be stabilized in potassium phosphate by: (i) adding 1 mM mercaptoethanol to the buffer for the tryptophanase and S-methyl-cysteine dehydratase reactions, and by adding 50 mM mercaptoethanol for the serine dehydratase reaction; (ii) preincubating the tryptophanase with the complete mixture minus substrate and lactic dehydrogenase. The cysteine dehydratase reaction could not be assayed because cysteine inhibited lactic dehydrogenase. The reactions involved in this inhibition have been reported by Dugaiczyk et al. (7) .
For simplicity, we will use the same abbreviations and kinetic constants proposed by Morino and Snell (4) in their analyses of the tryptophanase reaction in E. coli. E is tryptophanase; T. tryptophan; ET, the enzyme-tryptophan complex; EA, the tryptophanaseaminoacrylate-complex; I, indole; C, an allosubstrate (i.e., an amino acid other than tryptophan such as serine, methyl-cysteine, etc.); Kc, the Michaelis constant for the allosubstrate.
Beta elimination reaction of tryptophan (equation 1). The reaction is postulated as follows:
The rate equation for the tryptophanase reaction derived by Morino and Snell (14) The results indicate that the data fit a pattem of simple noncompetitive inhibition; i.e., the family of curves intersect at a common point on the abscissa in the left quadrant (4, 5) . This is in contrast to the pattem seen with the E. coli tryptophanase which is that of nonsimple, noncompetitive inhibition, i.e., the family of (4, 5) of these reactions in B. alvei. Again the pattern was determined using the computer program of W. W. Cleland. The results for the S-methyl-cysteine dehydratase are shown in Fig. 4 . In two separate experiments, the Kc for S-methyl-cysteine was calculated to be (7. Tryptophanase follows the classic pattern established in studies with the enzyme from E. coli and is active with tryptophan analogues substituted on the indole moiety, but not with analogues substituted in the three carbon side chains. Tryptophanase also catalyzes the beta elimination reactions of serine dehydratase, S-alkyl-cysteine lyase and cysteine desulfhydrase, and the beta replacement reaction of tryptophan synthetase using indole plus serine, S-methyl-cysteine, or cysteine as substrates. The Michaelis-Menten constants for each amino acid substrate were equivalent for the dehydratase and synthetase reactions. Moreover, the two reactions appeared to be simple competitors for an intermediate enzyme-substrate complex and, from the calculation of v..., also appeared to operate at approximately the same rates.
More detailed kinetic experiments were carried out to elucidate the mechanism of the tryptophanase-catalyzed reactions. The major tryptophanase reaction is the beta elimination reaction in which tryptophan is the substrate. Indole is a simple, noncompetitive inhibitor of this reaction as shown by a product inhibition study where the inhibition pattern was determined by computer analysis. Equation 5, as postulated in Results, satisfies the experimental results, namely that: (5) This equation is of course based on the assumption that k., = k5. Although the E. coli workers also concluded that k-l = k5, they in fact reported a pattern of nonsimple, noncompetitive inhibition which does not fit equation 5. Thus it is here that we see the first important difference between the B. alvei and E. coli enzymes. Although we conclude that the "generalized" scheme for the tryptophanase reactions as postulated for E. coli holds for B. alvei, the basic equation describing these reactions is not the same for the two organisms. And it is this equation, rather than the scheme, which is more important mechanistically in describing the reactions involved.
The subsidiary beta elimination reactions using serine or methyl-cysteine as substrate were also examined by an indole inhibition study; the pattern here was that of uncompetitive inhibition. Despite the disparity in inhibition patterns for the beta elimination reactions, the replots of slopes and intercepts are all linear, indicating that amino acid substrates bind in each case to just one enzyme form. for the two reactions. In the tryptophanase reaction the beta moiety which is removed is the indolyl radical; this step is presumably reversible because of the tryptophan synthetase reaction. In the dehydratase reaction, the beta moiety is either the hydroxide or methyl mercaptan radical; it would be feasible to postulate this elimination step as an irreversible sequence.
The complexity of the subsidiary reactions was further emphasized when we examined the kinetics in terms of the beta replacement reaction. Tryptophan synthetase catalyzes a bisubstrate reaction. According to Cleland (3) , reciprocal plots of initial rate versus substrate concentration at fixed concentrations of the second substrate will indicate whether the reaction is of the "sequential" or of the "ping pong" type. The mechanism is sequential if all substrates must add to the enzyme before any products are released. In this case, the family of curves from the double reciprocal plot will intersect to the left of the ordinate. The mechanism is ping pong if one or more products are released before all substrates have added to the enzyme. Such a mechanism could result in a series of parallel curves similar to the pattem observed in uncompetitive inhibition. Based on the assumption that the beta elimination and beta replacement reactions are simple competitors of each other, the inhibition by indole of the beta elimination reaction at a given substrate concentration is equivalent to the rate of the beta replacement reaction at that particular substrate and indole concentrations. The data from Fig. 4 and 5 were plotted in terms of the tryptophan synthetase reaction. When the allosubstrate, not indole, is the fixed substrate, the family of lines intersect on the left ordinate indicating a "sequential" mechanism. But, when indole is the fixed substrate and the allosubstrate is varied, one obtains a family of concave curves. According to Cleland (2) , these results indicate that there is an altemative reaction sequence for the indole, or the indole combines more than once during the reaction sequence. The latter hypothesis could be interpreted in terms of a cooperative effect in the binding of the indole molecules before the initiation of the reaction.
It is always hazardous to postulate a mechanism or reaction sequence solely from one type of data, i.e., kinetic parameters, binding constants, etc. This is especially relevant for these subsidiary reactions where the kinetics indicate rather complex relationships. We in fact made kinetic derivations for simple variations of the basic tryptophanase reaction (e.g., the formation of a dead end enzyme-allosubstrate-indole complex) to explain the subsidiary beta elimination reactions. We concluded that we could not set forth a mechanism with reactions to substantiate it that would satisfy the kinetic data and be explained solely by the parameters explored in the kinetic experiments. That there could be a conformational change involved with the two types of reactions was suggested by the comparison of the dehydratase and synthetase reaction with cysteine as the allosubstrate using the fixed time, colorimetric assay (the cysteine inhibited the lactic dehydrogenase used in the continuous, spectrophotometric assay). The level of substrate required for maximal activity of the synthetase reaction is in fact inhibitory to the dehydratase reaction. We know that the tetramer is the active species for all reactions with the B. alvei tryptophanase (D. D. Whitt and R. D. DeMoss, Biochim. Biophys. Acta, in press). We have already shown that PLP appears vital to the structural integrity of the B. alvei enzyme (11) . Thus cysteine may be inhibitory to the dehydratase reaction because the enzyme is in a conformation such that the PLP is more accessible to the cysteine, and upon formation of the cysteine-PLP complex, the enzyme starts to dissociate.
These kinetic experiments with the subsidiary dehydratase and synthetase reactions reinforce the conclusion from the tryptophanase kinetics that the complete mechanism for the tryptophanase enzyme in B. alvei is dissimilar to the one postulated for E. coli. Morino and Snell proposed for E. coli that the subsidiary beta elimination with the allosubstrates followed the same steps as the beta elimination with tryptophan with the exception that the formation of the enzyme-aminoacrylic complex was irreversible. The uncompetitive inhibition pattern observed in B. alvei does not fit this hypothesis. For the beta replacement reactions, Morino and Snell proposed that indole as the second substrate participates in just one reversible step. This is not the case for the B. alvei enzyme where we obtained a family of concave curves in the Lineweaver-Burk plots when indole was the fixed substrate and the allosubstrate was varied. These differences are not unexpected in light of the structural differences between the two enzymes which could be expected to influence the catalytic functions (11, 15) . Both enzymes are tetramers held together by noncovalent bonds; both enzymes have four PLP cofactors per molecule. However, the PLP appears to be required for the structural integrity of the B. alvei tryptophanase. When apotryptophanase is produced by incubation with cysteine, the tetramer reversibly dissociates at a pH above 6 producing significant amounts of monomer at pH 8, even at 20 C and in the presence of potassium. The E. coli tryptophanase only becomes less compact upon removal of the PLP; the tetramer dissociates to a dimer only when the pH is raised above 8 or the temperature is lowered to 5 C in the presence of potassium. Dissociation to the monomer is seen upon the addition of a low concentration of sodium dodecyl sulfate or the elevation of the pH to 8.8 or higher.
We will need a more complete understanding of the subunit interactions of the B. alvei tryptophanase before we can postulate a mechanism for the subsidiary reactions catalyzed by this enzyme. We are able to postulate an equation that satisfies the kinetics of the basic tryptophanase reaction, namely the degradation of tryptophan.
